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Genomic imprinting is an epigenetic mechanism that regulates
transcription, whereby the expression of a subset of genes is limited to
or biased towards one parental allele. To date, over one hundred
imprinted genes have been identiﬁed in the mouse (http://www.har.
mrc.ac.uk/research/genomic_imprinting). Imprinted genes tend to be
clustered on the genome. One of the common features among
imprinted loci is that such genomic intervals include one or more
differentially methylated regions (DMRs), which exhibit parent-of-
origin dependent DNA methylation patterns [1]. DMRs have been
classiﬁed into two types according to the time at which their DNA
methylation patterns are established. Primary (germline) DMRs
harbor allelic DNA methylation inherited from the male or the female
gamete. Secondary (post-zygotic) DMRs acquire parent-of-origin
dependent methylation patterns after fertilization. In mice, germline
DMRs are shown to be established during the oocyte growth stage
(postnatal days 5 to 20) [2,3] or the prospermatogonia stage
(embryonic days 14.5 to newborn) [4–6] by a DNMT3L-dependent
mechanism [7–12]. Several germline DMRs have been shown to
govern the imprinted expression of genes as well as the
methylation of post-zygotic DMRs within chromosomal regions.
These germline DMRs, known as imprinting control regions
(ICRs), regulate these regions by cis-acting mechanisms. [13–15]. Onthe other hand, little is known about the function of secondary DMRs in
the regulation of imprinted gene expression, as well as cis-acting
mechanisms and trans-acting factors that establish DNAmethylation at
secondary DMRs.
Studies focusing on the regulatory functions of ICRs have
revealed a number of different molecular mechanisms that
underlie the coordinated and long-range regulation of imprinted
genes. In the H19/Igf2 domain, long range chromatin interactions
mediated by CTCF between the primary H19-DMR and the
secondary Igf2-DMRs play an integral role in the regulation of
imprinted gene expression at this locus [13,16]. Another mecha-
nism involves non-coding (nc) RNAs such as Airn in the Igf2r
locus and Kcnq1ot1 in the Kcnq1 imprinted gene cluster. These
ncRNAs are transcribed from ICRs and are shown to be
functionally linked to the silencing of genes in cis through
gene- and lineage-speciﬁc repressive chromatin modiﬁcations
[14,17,18]. These two mechanisms are likely to be involved in the
regulation of many other imprinted loci as well. However, the
sequence of events leading to the establishment and maintenance
of imprinted expression for a cluster of genes remains largely
elusive for many imprinted loci.
The Dlk1-Dio3 imprinting cluster on mouse distal chromosome 12
contains the intergenic germline-derived DMR (IG-DMR) and the
Gtl2-DMR, whose methylation patterns are established in the germ-
line and after fertilization, respectively [19,20]. The cluster consists of
at least three paternally expressed protein-coding genes (Dlk1, Rtl1,
andDio3), and fourmaternally expressed ncRNAs (Gtl2, Anti-Rtl1, Rian
and Mirg). The IG-DMR is shown to function as the ICR of this
imprinted gene cluster [15,21]. A targeted disruption study of the IG-
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is unmethylated, is essential in the embryo to maintain the
unmethylated status of the Gtl2-DMR, the expression of the ncRNAs,
and the repression of the protein-coding genes, on thematernal allele.
However, the principal mechanism whereby the allele-speciﬁc
methylation at the IG-DMR leads to the imprinted expression of the
cluster of genes on chromosome 12 is unknown. It has been also
demonstrated that, in the placenta, the absence of the maternally
inherited IG-DMR results in the activation of protein-coding genes but
only partial repression of the ncRNAs, and leads to no phenotypic
consequence [21]. Therefore, mechanisms underlying the imprinted
expression of thematernally-expressed ncRNAs are different between
the embryonic and the extra-embryonic tissue lineages.
Among known secondary DMRs, the Gtl2-DMR is unique in that it
has been demonstrated to possess an essential long-range imprinting
regulatory function. A neonatal patient showing a paternal uniparen-
tal disomy 14-like phenotype in the body but not in the placenta was
identiﬁed to have a maternally-inherited heterozygous microdeletion
that encompasses the MEG3-DMR (the human orthologue of the
mouse Gtl2-DMR) but not the IG-DMR. In this patient, the maternal
allele of DLK1 has been shown to be reactivated [22]. Recent studies
have used knockout mouse models with targeted deletions of the Gtl2
locus, spanning the Gtl2-DMR. These studies have also suggested that
Gtl2 and/or Gtl2-DMR could regulate the expression of maternally
expressed genes, indicating that the methylation of the Gtl2-DMR is a
critical element in the Dlk1-Dio3 imprinted domain [23,24]. In light
of the critical roles that Gtl2 and Gtl2-DMR may play in the
imprinted regulation of this region, understanding the epigenetic
mechanisms that govern them during early development is
expected to further elucidate the mechanisms regulating the
Dlk1-Dio3 imprinted domain.
Recently, Stadtfeld et al. [25] reported that mouse induced
pluripotent stem cells (iPSC) with repressed expression of maternally
expressed ncRNAs in the Dlk1-Dio3 domain contributed poorly to
chimeras and failed to generate all-iPSC mice. In contrast, iPSCs with
normal ncRNA expression patterns contributed to high-grade chimeras
and produced all-iPSCmice. Hypermethylation of both the IG-DMR and
theGtl2-DMRwas found tobe associatedwith the reduced expression of
ncRNAs in the iPSCs exhibiting poor contribution to chimeras [25]. This
epimutation is considered to be caused by the iPSC reprogramming,
rather than existing aberrant methylation patterns in the DMRs of the
somatic cell of origin [25]. Therefore, a better understanding of the
epigenetic regulation of these DMRs may eventually lead to improved
reprogramming strategies of iPSC.
In this study, we determined the allelic DNA methylation patterns
at the IG-DMR and the Gtl2-DMR, as well as the allelic expression
patterns of Dlk1 and Gtl2 at early developmental stages (embryonic
days 3.5 to 7.5) in embryonic and extra-embryonic tissues.2. Results
2.1. Developmental dynamics of allelic DNA methylation patterns at
IG- and Gtl2-DMRs in sperm, blastocysts, and post-implantation
embryos
We examined allelic DNA methylation patterns at the IG-DMR and
theGtl2-DMR inwhole embryos at embryonic day 3.5 (E3.5) and E5.5 as
well as their methylation status in sperm. We regarded the genomic
intervals deﬁned by Kobayashi et al. [26] and Takada et al. [20] as the IG-
DMR and the Gtl2-DMR, respectively. Three regions within the IG-DMR
and the two regions within the Gtl2-DMR were chosen as targets for
bisulﬁte sequencing (Fig. 1A). All ﬁve regions contain at least one single
nucleotide polymorphism (SNP) between C57BL/6 (B6) and JF1/Ms
(JF1) strains that can distinguish parental alleles in F1 hybrid materials
(see details in Section 4.2 in the Materials and methods).The IG-DMR was heavily methylated in all three regions (methyl-
ation percentage 81.3–95.8%) in sperm (Fig. 1B) as shown previously
[20]. In blastocysts (E3.5), all three regions within the IG-DMR were
maternally unmethylated (0–1.8%), yet paternally methylated (43.1–
71.8%) (Fig. 1B). The observed levels of paternal methylation at E3.5
were signiﬁcantly lower than those observed in sperm, implying that
the paternal IG-DMR partially loses methylation at CpG dinucleotides
after fertilization. This loss of methylation may be caused by the
active and the passive demethylation of the paternal genome in
pronucleus and preimplantation embryos, respectively [27,28]. At
E5.5, the maternal allele of IG-DMR was found to be hypomethy-
lated (1.9–18.3%), and the paternal allele to be hypermethylated
(80.2–91.4%; Fig. 1B). The methylation level of the paternal allele
was consistently higher at E5.5 than at E3.5. Additionally, it was
almost fully methylated at E5.5 in all three regions examined,
suggesting that de novo methylation events occur on the paternal
allele of the IG-DMR during the developmental period between
E3.5 and E5.5. These are the ﬁrst results to illustrate the
developmental dynamics of paternal methylation levels at the
IG-DMR around the implantation period.
The differential methylation of the Gtl2-DMR on the paternal
allele has been shown to be established in E13.5 embryos [20].
However, the post-zygotic stages at which the region's paternal
methylation is initiated and completed remain unknown. Addi-
tionally, the relationship between the imprinted expression of Gtl2
and DNA methylation at the Gtl2-DMR has not been elucidated.
We conﬁrmed that the Gtl2-DMR was unmethylated in sperm, and
found that it was unmethylated on both parental alleles in
blastocysts (Fig. 1B). In E5.5 embryos, the maternal allele
remained hypomethylated (6.0 and 11.7%), while the paternal
allele became partially methylated (55.2% in R4 and 42.7% in R5
regions) (Fig. 1B). In E6.5 and E7.5 embryos, the paternal allele of
the Gtl2-DMR was found to be heavily methylated (75.8% or
higher) (Fig. 1C). These data demonstrate that paternal methyl-
ation of the Gtl2-DMR is initiated after the blastocyst stage and is
completed by E6.5 stage in the embryonic lineage.
2.2. Allelic DNA methylation patterns at IG- and Gtl2-DMRs in early
and late gestational stages
It has been reported that, in both human and mouse placenta,
the IG-DMR maintains its allele-speciﬁc methylation patterns,
whereas the Gtl2-DMR does not show differential methylation
between parental alleles [21,29,30]. To determine the develop-
mental stage at which the allelic methylation patterns at the Gtl2-
DMR diverge between embryonic and extra-embryonic lineages,
we examined the DNA methylation status of the Gtl2-DMR as well
as the IG-DMR in E6.5 and E7.5 tissues. In extra-embryonic tissues
at both E6.5 and E7.5 stages, the Gtl2-DMR was partially
methylated on both parental alleles, whereas its differential
methylation was well maintained in embryonic tissues (Fig. 1C).
The Gtl2-DMR was previously shown to be partially methylated on
both parental alleles in late gestation (E16.5) placentas [21,29].
Our results demonstrate that the allelic methylation pattern
observed in E16.5 placenta is already present in the extra-
embryonic lineage at E6.5 stage.
Unexpectedly, we observed loss of differential methylation at the
R2 and R3 regions within the IG-DMR in extra-embryonic tissues,
although the R1 region maintained its differential methylation. The
loss of differential methylation was more evident in E7.5 stage than in
E6.5 stage (Fig. 1C). To assess whether the loss of differential
methylation at the R2/R3 regions as well as the R4/R5 regions was
speciﬁc to the extra-embryonic lineage, we examined the allelic
methylation patterns of the R1–R5 regions in fetal tissues from late
gestation time points. E16.5 skeletal muscle, E15.5 brain, and E16.5
liver were analyzed since they represent tissues derived from the
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Fig. 1. Allelic DNA methylation patterns at the IG-DMR and the Gtl2-DMR during embryonic and extra-embryonic development. (A) A schematic diagram of the locus containing the
IG-DMR and the Gtl2-DMR (shown as open boxes). The bars under the open boxes indicate the regions (R1–R5) analyzed by bisulﬁte sequencing. The arrow indicates the
transcription start site of Gtl2. Scale bar=1 kb. (B–D) Graphical representation of the methylation percentage at each CpG site in sperm, blastocysts at E3.5 (Blast), and embryos at
E5.5 (E5.5_Emb) (B), in embryonic (Emb) and extra-embryonic (Exe) tissues at E6.5 and E7.5 (C), and in fetal tissues (E16.5 skeletal muscle, E15.5 brain, and E16.5 liver) (D). The
vertical bars represent the percentage ratio of methylated cytosine at each CpG site, which were determined from the data of clone-based bisulﬁte sequencing (Supplementary Fig.
1). Overall methylation percentage for each region (the number of methylated CpGs per the number of total CpGs) is shown under each panel. As described in the Materials and
Methods (Section 4.2), methylation percentage for each CpG site and each region was calculated using bisulﬁte sequencing data for a single sample (sperm and E15.5/16.5 fetal
tissues) or two independent samples (E3.5 to E7.5 samples). M and P denote maternal and paternal alleles, respectively.
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that differential methylation at the R1 region of the IG-DMR and the
R4/R5 region of the Gtl2-DMR was strictly conserved. In contrast,
differential methylation at the R2/R3 regions of the IG-DMR was
partially lost to varying degrees in these tissues (Fig. 1D). Partial gain
of methylation on the maternal allele (most notably observed in
skeletal muscle) and partial loss of methylation on the paternal allele
(most remarkably observed in the liver) were detected. Taken
together, our data demonstrate that only a subregion of the IG-DMR
containing the R1 region strongly maintains allele-speciﬁc differential
methylation during embryonic development, whereas the rest of
region containing the R2/R3 regions exhibits various tissue-speciﬁc
allelic methylation patterns.2.3. Allelic expression patterns of Dlk1 and Gtl2 during embryonic and
extra-embryonic development
We subsequently assessed the expression levels and the allelic
expression patterns of Dlk1 and Gtl2. Although the expression of Gtl2
is shown to be detectable as early as the pre-implantation stage [31],
previous studies have not assessed the expression levels of these
genes in a quantitative manner and have not determined their allelic
expression patterns during early gestation (E3.5 to 7.5). Therefore, we
performed both quantitative RT-PCR and pyrosequencing to quantify
the allelic expression of these transcripts.
To determine the relative expression levels of Gtl2 and Dlk1,
quantitative RT-PCR was performed using E3.5 to E7.5 tissues and
123S. Sato et al. / Genomics 98 (2011) 120–127E16.5 skeletal muscle tissues. The E16.5 skeletal muscle was chosen as
a reference tissue for the relative expression levels of Dlk1 and Gtl2
because both transcripts have been shown to be highly expressed in
E14.5 to E18.5 skeletal muscle [19,20,31]. We obtained the Ct (cycle
threshold) values of Gtl2 in E5.5–7.5 tissues (23.2 to 33.5) within the
Ct value range of the standard curve for Gtl2 (20.0 to 35.3), and
determined the relative expression levels of Gtl2 in these tissues,
ranging from 0.0036 (E7.5Exe) to 0.31 (E6.5Exe) relative to the
average level of E16.5 skeletal muscle samples (Fig. 2A). As
demonstrated by Schuster-Gossler et al. [31], we were consistently
able to detect the expression of Gtl2 in blastocysts in our replicate
samples, and determined its average relative expression level to be
0.011. However, this value should be considered with caution because
the Ct values of the blastocyct samples (35.9, 36.4, and 36.5) were
slightly out of range. Our results demonstrate that Gtl2 is expressed at
low levels at E3.5, up-regulated transiently at E5.5 and E6.5, and
down-regulated at E7.5. Variation in the relative expression levels of
Gtl2 among three replicate samples was most remarkable in extra-
embryonic tissues at E6.5. Because Gtl2 expression seems to decreaseLiver_JB
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124 S. Sato et al. / Genomics 98 (2011) 120–127maternally expressed in blastocysts (E3.5) and E5.5 embryos, as well
as latter developmental stages (E6.5 and E7.5) in both embryonic
and extra-embryonic tissues (Fig. 2B). These results demonstrate
that the repression of Gtl2 on the paternal allele occurs at E3.5
without methylation at its promoter (R4/R5) (Fig. 1B). Due to
the relatively low levels of Dlk1 expression, we only determined
the allelic expression status of Dlk1 in embryonic tissues at E6.5
and E7.5 and extra-embryonic tissues at E6.5. Dlk1 was
predominantly expressed from the paternal allele in E6.5 tissues,
and this allelic preference was more dramatic in embryonic
tissues at E7.5 (Fig. 2B). Relaxation of imprinting was more
evident for Dlk1 than Gtl2 in the E6.5 tissues. Using a
quantitative method, we successfully determined the allelic
expression patterns of Gtl2 and Dlk1 during early gestational
stages for the ﬁrst time.
We also measured allelic expression levels of Gtl2 and Dlk1 in fetal
skeletal muscle, brain, and liver tissues at E15.5/E16.5, and found that
Gtl2 and Dlk1 were exclusively or predominantly expressed from the
maternal and the paternal alleles, respectively (Fig. 2B). The ratio of
Dlk1 expression from the maternal allele (relaxation of imprinting)
was higher in muscle and liver than in brain. Such allelic expression
patterns replicate the data produced by da Rocha et al. [32]. We
compared allelic methylation patterns at the R2 and R3 regions of IG-
DMR (Fig. 1D) with the allelic expression patterns of Dlk1 (Fig. 2B) in
three tissues. However, there was no clear correlation between
methylation levels at the R2/R3 regions and the extent to which Dlk1's
imprinting was relaxed.and E7.5 are schematically shown. The squares above and below the DMRs symbolize
the regions subjected to bisulﬁte sequencing analysis (R1 to R5). Open, ﬁlled, and
mosaic squares indicate hypomethylated, hypermethylated, and intermediately
methylated regions, respectively. Thick and thin arrows represent high and low
expression levels of Gtl2 and Dlk1. In blastocysts, thematernal allele-speciﬁc expression
of Gtl2 occurs without the paternal allele-speciﬁc methylation of the Gtl2-DMR. In
embryonic tissues, the paternal allele-speciﬁc methylation of Gtl2-DMR is established
by E6.5. Allele-speciﬁc differential methylation is well maintained in both the IG-DMR
and the Gtl2-DMR in embryonic tissues. In extra-embryonic tissues at E6.5, imprinted
expression of Gtl2 and Dlk1 occurs despite the loss of allele-speciﬁc differential
methylation at the R2 and R3 regions in the IG-DMR and in the Gtl2-DMR. These allelic
methylation/expression patterns suggest that the R1 regionmay contain amethylation-
dependent element that is critical for the ICR function of the IG-DMR, and suggest that
epigenetic modiﬁcations other than DNA methylation may play more critical roles in
the maintenance of imprinted expression in the Dio3-Dlk1 domain in extra-embryonic
tissues than in the embryonic tissues.3. Discussion
3.1. Establishment of allele-speciﬁc DNA methylation patterns at
secondary DMRs
In this study, we demonstrated that the paternal allele of the
Gtl2-DMR gains DNA methylation after the blastocyst stage and
becomes fully methylated by the E6.5 stage in the embryonic
lineage. Additionally, we determined that DNA methylation at
the Gtl2-DMR is not a prerequisite for the imprinted expression
of Gtl2 in early development (summarized in Fig. 3 and Table 1).
The timing of the establishment of parent-of-origin-dependent
differential methylation patterns during post-zygotic develop-
ment has previously been determined for several secondary
DMRs [13,33–38] (summarized in Table 1). Although the
developmental stage at which differential methylation is
established differs among secondary DMRs including the Gtl2-
DMR, it is frequently observed that the imprinted expression of
the gene associated with the secondary DMR is already
established prior to the gain of differential DNA methylation.
This observation holds true even among DMRs which are
regulated by different mechanisms.
In mid-to-late gestation fetuses that carry an insertion
mutation upstream of the Gtl2-DMR on the paternal allele, it has
been observed that the Gtl2-DMR loses its paternal methylation
and Gtl2 is biallelically expressed [39,40]. It has also been shown
that Cdkn1c is biallelically expressed in E9.5 embryos that are
deﬁcient in DNMT1 activity [33]. These observations suggest that
paternal methylation of the Gtl2- and the Cdkn1c-DMRs is
necessary to maintain silencing of the paternal allele of these
genes. However, whether DNA methylation plays a critical role in
the maintenance of imprinted gene expression remains unproven
for the other secondary DMRs. While Lsh, a member of the SNF2
family of chromatin remodeling proteins, is shown to be required
for the proper acquisition of the paternal methylation at the
Cdkn1c-DMR [41], information regarding such trans-acting factors
is lacking for the majority of secondary DMRs.3.2. Epigenetic modiﬁcations of the IG-DMR and the Gtl2-DMR during
early development
In E7.5 embryo deﬁcient in the Polycomb group (PcG) gene Eed, it
has been shown that Gtl2 is biallelically expressed whereas Dlk1 is
properly imprinted (paternally expressed) [42], suggesting a role for
PcG complex proteins in the regulation of paternal Gtl2 silencing. The
EED-containing Polycomb Repressive Complex 2 (PRC2) catalyzes
trimethylation of histone H3 lysine-27 (H3K27me3), which is a binding
site for the repressive PRC1 complex [43]. It has been demonstrated by
Hammoud et al. that, in human sperm, theMEG3/GTL2-DMR bears both
active trimethylation of histone H3 lysine-4 (H3K4me3) and repressive
H3K27me3 histone marks [44]. DNMT3L recognizes unmethylated
H3K4 and induces de novo DNA methylation by recruitment or
activation of DNMT3A2 [11,12]. The interaction of DNMT3L with H3K4
is strongly inhibited by methylation at H3K4 (the higher the degree of
methylation at H3K4, the more severely the binding of DNMT3L with
histone H3 N-terminal is abolished) [11]. In light of the post-zygotic
acquisition ofDNAmethylation at theMEG3/GTL2-DMRand thebivalent
histone pattern in this region, Hammoud et al. hypothesized that
H3K4me3 may prevent DNA methylation in the sperm and early
embryo, and H3K27me3may ensure early silencing at this locus [44]. In
this study, we have shown that, in the blastocyst stage, Gtl2 is already
expressed primarily from the maternal allele in the absence of DNA
Table 1
The timing of the establishment of parental-origin-dependent differential methylation at secondary DMRs and imprinted expression of associated genes during post-zygotic
development.
Imprinted gene Secondary DMR Methylation status established
(methylated allele)
Monoallelic expression observed
(expressed allele)
Primary DMR
(methylated allele)
References
Gtl2 Gtl2-DMR E6.5 (Pat) Blastocyst (Mat) IG-DMR (Pat) This study
Cdkn1c Cdkn1c-DMR E9.5 (Pat) Morula (Mat) KvDMR1 (Mat) [33,34]
Igf2 Igf2-DMR1/DMR2 E15.5 (Pat) Blastocyst (Pat) H19-DMR (Pat) [13,35]
H19 H19 promoter E6.5 (Pat) Morula (Mat) H19-DMR (Pat) [36]
Igf2r Igf2r-DMR1 From E15.5 to 4dppa(Pat) E6.5 (Mat) Igf2r-DMR2 (Mat) [37,38]
a Days post partum.
125S. Sato et al. / Genomics 98 (2011) 120–127methylation at the paternal allele of the Gtl2-DMR. Assuming that the
bivalent histonemodiﬁcation pattern observed at theMEG3/GTL2-DMR
in human sperm is conserved in mice and is preserved in preimplan-
tation embryos, our results can be explained by such histone
modiﬁcations. If H3K27m3 and H3K4me3 marks are present at the
paternal allele of the Gtl2-DMR in the blastocyst stage, these could be
attributed to the paternal repression of Gtl2 and the absence of DNA
methylation at the locus, respectively. Since the Gtl2-DMRwas found to
gain DNA methylation after the blastocyst stage, the H3K4me3 mark
may be erased by then. It has been shown that in E12–14 embryos, the
Gtl2-DMR is not enriched for the H3K27me3 mark on both parental
alleles [45]. Therefore, the H3K27me3 mark may also be erased during
or after the establishment of DNA methylation at the Gtl2-DMR. DNA
methylation is considered to bemore critical for the paternal repression
of Gtl2 in the absence of the H3K27me3 mark.
Our results demonstrate that during early post-zygotic develop-
ment, the germline-derived DNA methylation on the paternal allele of
the IG-DMR is partially lost by the E3.5 stage and its methylation is
restored by E5.5. Histone modiﬁcation patterns on the paternal allele of
the IG-DMR may be responsible for the recruitment of de novo
methylation machinery between E3.5 and E5.5 stages. In the human
sperm, the IG-DMR is shown to be devoid of H3K4me3 [44]. If the non-
methylated status of H3K4 is maintained on the paternal allele of the
mouse IG-DMR at the blastocyst stage, the DNMT3L/DNMT3A complex
may possibly be recruited to direct de novo cytosine methylation to
restore the methylation of the IG-DMR.
We observed a reduction of DNA methylation levels on the
paternal allele of the IG-DMR in blastocysts (E3.5) compared to
methylation levels in the sperm. Loss of methylation on the paternal
allele of IG-DMR was also observed in extra-embryonic tissues at the
E7.5 stage compared to those at E5.5. Interestingly, throughout stages
E3.5 to E7.5 of development, several CpG sites within the R1 region in
the IG-DMR (such as 5th, 7th, 17th, 20th and 21st CpG sites in the R1
region in Fig. 1B–D and Supplementary Fig. 1) show high levels of DNA
methylation on the paternal allele. These CpG sites may have greater
functional importance than other CpGs in the IG-DMR. We also
observed tissue-speciﬁc relaxation of differential methylation in the
R2 and R3 regions of the IG-DMR among E15.5/16.5 tissues (Fig. 1C). It
remains to be elucidated whether the R2 and R3 regions have critical
roles in the regulation of imprinted expression in the Dlk1-Dio3
cluster. Creation and characterization of a knockout mouse line with a
mutation or a deletion at a particular subregion of IG-DMR will help
further dissect the role of IG-DMR as the ICR of the Dlk1-Dio3 cluster.
3.3. Difference in the allelic DNA methylation patterns between the
embryonic and the extra-embryonic lineages at the Gtl2-DMR and
the IG-DMR
Mechanisms that regulate the imprinted expression of maternally
expressed ncRNAs in the Dlk1-Dio3 domain are suggested to differ
between the embryo and the placenta [21]. However, the principal
mechanisms regulating allele-speciﬁc expression in each of the two
lineages are unknown. The Gtl2-DMR was previously shown to bepartially methylated on both parental alleles in the placenta of late
gestation embryos (E16.5) [21]. Here, we clearly determined that the
Gtl2-DMR is partially methylated on both parental alleles in the
placenta as early as E6.5. Furthermore, our data demonstrated that
part of the IG-DMR also becomes partially methylated on both
parental alleles in the placenta by E7.5. Therefore, further epigenetic
proﬁling of these DMRs in embryonic and extra-embryonic lineages,
which include DNA methylation as well as histone modiﬁcations, will
help deﬁne underlying regulatory mechanisms. The differential
regulation of imprinted genes between the embryo and placenta has
been well-characterized for the Kcnq1 imprinted gene cluster
[34,46,47]. In 2006, Lewis et al. subjected ES and TS cells as well as
their differentiated derivates to epigenetic proﬁling [47]. These cells,
which maintain imprinted expression of the Kcnq1 cluster of genes,
were found to establish monoallelic gene expression as well as
differential histone marks for placenta-speciﬁc imprinted genes
during differentiation of the extra-embryonic lineage between E4.5
and E7.5 [47]. The use of such stem cells would be an effective strategy
to determine the epigenetic regulatory differences in the Dlk1-Dio3
domain between the embryonic and the extra-embryonic lineages.
3.4. Developmental functions of genes within the Dlk1-Dio3 cluster
Gtl2 and Dlk1 are shown to be expressed in most tissues after
E12.5, and to reach their highest expression levels after E15.5 in
several tissues [19]. In mice, maternally transmitted deletions of the
IG-DMR or the Gtl2-DMR result in the dysregulation of imprinted
expression of the genes within the Dlk1-Dio3 cluster [15,21,23,24].
Such mice exhibit prenatal/perinatal lethality and dysplastic pheno-
types in various tissues such as skeletal muscle, bone, liver, and lung
[21,23,24]. Recently, iPSCs with repressed expression of maternally
expressed ncRNAs within the Dlk1-Dio3 cluster (Gtl2off iPSCs) were
shown to contribute poorly to chimeras [25]. When Gtl2off and Gtl2on
iPSCs were injected into tetraploid blastocysts, morphologically
normal embryos (at E11.5) were obtained from both types of iPSCs.
However, almost all embryos derived from the Gtl2off iPSCs were
found to be dead at E11.5 [25]. These observations indicate that genes
in the Dlk1-Dio3 cluster play important roles in cell proliferation and/
or differentiation, not only at late-gestation stages, but at develop-
mental stages earlier than E11.5. In this study, we revealed that Gtl2 is
transiently up-regulated and expressed at comparably high levels at
E5.5 to E6.5 stages. On the other hand, Gtl2 is expressed at low levels
in blastocysts and E7.5 to E11.5 embryos (this study and Ref. [19]).
Taken together, Gtl2 (and the other maternally expressed ncRNAs)
may be involved in the control of proliferation and differentiation of
cells at early gestation stages (E5.5 to E6.5).
4. Materials and methods
4.1. Sample preparations
To obtain early embryonic and extra-embryonic tissues, female
C57BL/6 (B6) (Mus musculus musculus) mice (Sankyo Labo Service,
126 S. Sato et al. / Genomics 98 (2011) 120–127Tokyo, Japan) mated with male JF1/Ms (JF1) (Mus musculus
molossinus) mice were sacriﬁced at appropriate stages according to
the guidelines for the care and use of laboratory animals (National
Research Institute for Child Health and Development, Japan). At noon
on the day the copulation plug was found was designated as
embryonic day 0.5 (E0.5). Three to six samples (whole embryos or
dissected tissues) at each of the developmental stages from E3.5 to
E6.5 were pooled. The numbers of the samples pooled were: six
blastocysts (E3.5) for each of three independent pools (Blast _1 to
Blast_3); four or ﬁve whole embryos at E5.5 for three independent
pools (E5.5Emb_1 to E5.5Emb_3); three or four embryonic tissues at
E6.5 for three independent pools (E6.5Emb_1 to E6.5Emb_3); three or
four extra-embryonic tissues at E6.5 for three independent pools
(E6.5Ex_1 to E6.5Ex_3). Embryonic and extra-embryonic tissues at
E7.5 were prepared from three embryos and analyzed individually
(E7.5Emb_1 to E7.5Emb_3, and E7.5Ex_1 to E7.5Ex_3). These pooled
and individual samples were subjected to simultaneous isolation of
genomic DNA and total RNA using Allprep DNA/RNA micro or mini kit
(Qiagen, Hilden, Germany) according to the manufacturer's instruc-
tions. Fetal tissues (E16.5 skeletal muscle, E15.5 brain, and E16.5 liver)
were obtained from the F1 hybrid fetuses derived from reciprocal
matings between the B6 and the JF1 strains.
Spermatozoa were collected from the vas deferens of JF1 mice.
Isolation of theDNAwasperformed asdescribedpreviously [48]. Brieﬂy,
sperm genomic DNA was isolated by treatment with 1% 2-mercap-
toethanol (Sigma-Aidrich, Tokyo, Japan) and proteinase K (Sigma), and
followed by phenol/chloroform extraction and ethanol precipitation.
4.2. Sodium bisulﬁte genomic sequencing
Sodiumbisulﬁte treatmentwas performedusingEZDNAmethylation
direct kit (Zymo Research, Orange, CA) according to the manufacturer's
instructions. PCR was performed using one unit of Biotaq HS DNA
polymerase (Bioline, London, UK) and primer sets as follows: 5′-
TGTGTTGTGGATTTAGGTTGTAGTTTA-3′ and 5′-TAATCCCATTCCCAATC-
TATAAAAATA-3′ for R1 (nt 81187–81647), 5′-CCAAAACAAACCCAA
TAAATTCTAA-3′ and 5′-TGGTGAGTTTTGGTTAGAAAAGTGT-3′ for R2
(nt 82265–82615), 5′-CCCCCAATAACTTATAAACCATAATACT-3′ and 5′-
GGATGGTAGTAGATAATTTGTTGTTTGA-3′ for R3 (nt 83273–83670), 5′-
AAATCAAAATCCTTTTACCTCAACAATA-3′ and 5′-GGAAATAATTT
TAATTGGTGATTGTTTT-3′ for R4 (nt 93435–93731), and 5′-AAATTTTG
TAAGGAAAAGAATTTTTAGG-3′ and 5′-TTCAAAATTACTAATCAACA
TAAACCTC-3′ for R5 (nt 94288–94671). The thermocycling conditions
were 35 to 45 cycles of 94 °C for 30 seconds (s), 55 °C for 30 s, and 72 °C
for 30 s, with an initial step of 95 °C for 10 minutes (min) and a ﬁnal step
of 72 °C for 7 min. The ampliﬁed PCR productswere cloned into pGEMT-
Easy vector (Promega, Madison, WI), and sequenced by 3130xl Genetic
Analyzer (Applied Biosystems, Foster city, CA). Nucleotide position (nt)
and rs ID of SNPs and alleles (B6/JF1 alleles) within each region are as
follows: R1, nt 81275 (rs46718958, A/G), nt 81422 (rs47741870, G/A),
and nt 81610 (G/A); R2, nt 82369 (rs52043811, C/T); R3, nt 83406 (T/C),
nt 83546 (rs46395233, C/T), nt 83593 (rs50881257, C/T), and nt 83631
(rs46982259, C/A); R4, nt 93671 (C/T); R5, nt 94561 (G/A). All nucleotide
positions refer to the sequence of GenBank accession no. AJ320506.1.
Allelic methylation patterns were assessed using two independent
(pooled or individual) samples for the E3.5 to E7.5 stages, and using one
each sample for the JF1 sperm and the E15.5/16.5 fetal tissues. The
methylation patterns of individual clones are shown in Supplementary
Fig. 1 for all regions and for all samples analyzed. Overall methylation
percentage for each region (the number ofmethylated CpGs per number
of total CpGs) was calculated for each type of tissues, and is shown in
Fig. 1. When bisulﬁte sequencing data were available from two
independent sample sets (for the tissues from the E3.5 to E7.5 stages),
two datasets were combined to calculate the overall methylation
percentage. The numbers of individual clones used to determine
methylation percentages ranged from 5 to 35 (average 16.8).4.3. Quantitative real-time RT-PCR
First strand cDNA synthesis was carried out by random hexamers
using QuantiTect Reverse Transcription (Qiagen) according to the
manufacturer's instructions. For quantitative real-time RT-PCR,
ampliﬁcation was performed using SYBR premix Ex taq (Takara,
Kyoto, Japan) and primer sets as follows: 5′-CAGGACCCTCCAACTG
TAAATC-3′ and 5′-AGGTAGGAACCTGAGCCCATTT-3′ for Gtl2
(nt 1553–1818); 5′-CTCTTGCTCCTGCTGGCTTT-3 ′ and 5′-
CTTGTGCTGGCAGTCCTTTC-3′ for Dlk1 (nt 176–526); 5′-CTGCACCAC
CAACTGCTTAG-3′ and 5′-CCTGCTTCACCACCTTCTTG-3′ for Gapdh. Ct
values for Dlk1 and Gtl2 as well as Gapdh as a reference were
determined using the 7900HT fast real-time PCR system (Applied
Biosystems). The average Ct value was calculated from the Ct
values from duplicate reactions for the same cDNA sample. The
relative expression levels of Dlk1 and Gtl2 were determined by the
delta–delta Ct method. Delta Ct values were calculated using the
Ct values of Gapdh as a reference gene. Delta–delta Ct values were
calculated using the average delta Ct value of E16.5 skeletal muscle
samples as a reference. To determine the range of Ct values in
which quantitative accuracy is expected for Dlk1, Gtl2, and Gapdh,
we generated a standard curve for each of the genes using an 8-
fold dilution series (six dilutions) of a cDNA sample (12.5 dpc
placenta). We obtained a linear standard curve showing R2N0.999
with the Ct value ranging from 21.6 to 36.8 (ampliﬁcation
efﬁciency per cycle=97.1%) for Dlk1, from 20.0 to 35.3 (95.6%)
for Gtl2, and from 16.0 to 28.3 (95.9%) for Gapdh.
4.4. Allelic expression analysis by pyrosequencing
RT-PCR was performed using one unit of Biotaq HS DNA
polymerase. The thermocycling conditions were 35 to 45 cycles of
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, with an initial step
of 95 °C for 10 min and a ﬁnal step of 72 °C for 7 min. The primer
sets used (and PCR product size in parentheses) are 5′-biotin-
CAGGACCCTCCAACTGTAAATC-3′ and 5′-AGGTAGGAACCTGAGCC
CATTT-3′ for Gtl2 (266 bp), and 5′-CTCTTGCTCCTGCTGGCTTT-3′
and 5′-biotin-CTTGTGCTGGCAGTCCTTTC-3′ for Dlk1 (94 bp).
Pyrosequencing was carried out using the PSQ 96 MA system
(Qiagen) and the PSQ 96 SNP Reagent kit (Qiagen) according to
the manufacturer's instructions. In brief, the biotinylated PCR
products were puriﬁed with the Streptavidin Sepharose HP beads
(GE Healthcare, Uppsala, Sweden). The puriﬁed PCR products were
washed, denatured and then annealed with a sequencing primer
(5′-GGCGTCCCCGTGGCT-3′ for Gtl2 and 5′-ATGCGACCCACCCTG-3′
for Dlk1). The nucleotide position and alleles (B6/JF1) of SNPs
within the regions analyzed are nt 1579 of NR_027652.1
(rs46969056; A/G on the reverse strand) for Gtl2 and nt 235 of
NM_010052.4 (T/C on the forward strand) for Dlk1.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.05.003.
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